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ABSTRACT 
• The main objective of this thesis is to develop a finite element 
model which can be used in the struttural analysis of bicycle frames. 
The predictions of the.model were verified by simple ·experi~ents in 
which single loads were applied to either the frame or a pedal, and 
good agreement was obtained between the experimental results and the 
predictions of the finite element model. 
The model was :t·hen used to predict frame stresses ,.during a 
, 
t:y·pical pedalling cycle, using a set of measured pedal forces. Three 
diff·erent frame materials, steel, aluminum, and titanium, were 
i.r:tvestigated. For all three frames, the highest st:re·.~.'S ,was found to 
occur at the top ~nd bf the down tube. 
·"v·· 
l 
'· 
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I.INTRODUCTION .. 
. , .. 
Past Work 
The earliest ~nown work dealing with the stresses developed in 
• 
bj.cyc,Je frames is the book published in 1896, "Bicycle and Tricycles" 
by Sharp [l]. This author used simple methods of structural analysis 
·to establish stresses and deflections for loads ·applied to the seat 
and pedal. 
inte.rest • in 
:;,, 
b.i-cycl'ing, 1..Jttie w·o.·rk. dealing spec·i:fical'ly ·wi-t:_h the structural 
a;11alysis of· the bicycle frame seem to have been published. The. 
stagn.atiq-n in bi·cycle design was brought about lar·gely by competition 
·fr'.C>m: ·subways, mo.ti'oty.t:1.e,s:-, :a;trtqmobi les, and a:i.de:d· :by the lack: :of· 
-ir1terest of engine~-rs .. ~. 
th-:e e:xperime.ntal .res.ul_t:s J-q·r si·~-pl.e 1oa.di.ng-: case-s, ·and; 
. . 
'. 
:and :r-1.d·.i1Jg· c:qn.di·t.ions -'! 
.T·h ... .- · 1 
· ·.· .·.e _p:r,1n'c.ipa·_. 
oniy a on:e~dimen.sion~J ·dist·ri-bution. o·f stress a.lon-g· t·he· el~me-nt, w .. ith 
... 
·. , . 
• 
bending. However typical frame stresses are likely to be much more 
complex than such an element can model, especially in the critical 
areas around fittings and lugs. A considerably more detailed and 
accurate picture of the str~ss distribution may be obtained by 
modeling the frame as a thin shell and utilizing shell elements in 
· place of beam elements: 
Shell elements, in particular, are much better able to model 
stress concentrations in the frame than are beam elements. In this 
• 
thesis, parabolic thin shell elements are used. In the interests of 
computational efficiency, the frame structure is modeled using a 
combination of shell elements in the areas of interest (bottom bracket 
~ 
and associated tubing) and beam elements elsewhere. 
With regard to loading conditions, Adeyefa [3] considered only a 
point loading on the frame. But in the present work, the frame is 
considered to be loaded by pressure loads distributed sinusoidally on 
the shell elements of the bottom bracket. Such a loading is much 
closer to the actual load transmitted by the pedal through the bottom· 
bracket bearings. Moreover we consider a sequence of pedal loads based 
upon experimental data obtained for every 30 degree of pedal rotation. 
Hence it • lS possible to obtain a prediction of the stress changes 
through a complete pedal cycle. 
Comparison of Tubing Properties 
The frame may b~ termed the "heart" of the bicycle. The material 
of which the frame is constructed determines its strength, stiffness, 
3 
' 
• 
• 
Ip 
~· 
... 
and weight, and affects its responsiveness to .the rider. A successful 
frame design depends heavily upon various tubing properties, such as 
wall thickness, tube diameter, and material stiffness. Many types of 
tubing are used in the bicycle construction. Most tubes are of • 
• 
seamless construction, made from a hot pierced billet.which is drawn 
to the required diameter through a series of dies. Butted tubi~g is 
, 
~ 
rolled over a mandrel with reduced size ends so that the ends are 
·thicket· t·han the center section. 
-At· th·e- present time, tubing fabricat~·ci f,r-om v·ari.o.tls steel alloys 
:i-s.. ·t:_he most widely used. However there have be.,en. recent efforts to_: 
constt·uct f:r·ames from other materials, such. as aluminum, t_it-~n-i··µ~_, 
~.net, :Qlps:t rec.-ently, f iber-teinf arced composite oo-aterials. 
.... ·, .. d. an-. fr,ames 
• • I • 
as the s:tee:l t .. t . • 1· -·a111 urn 
.fr.:ame were also: co··nsid:ered. ·However the t·ub·ipg_ ·properties: wer.e 
different. The ·tu:bitlg: f::o.r t,_:he ·alµminum frame: w-as assumed to. h·av:e. ·a 
f·:or t·,he ti.ta·.rfium. frame was 1. 01·s ·mm-.. 
) 
.Fi.n:i~te E·Ien1¢.rlt. _A.n:aly·.si:s 
F.. . 
. 1ti:1 te. 
st:ructural 
.. d prov1···.:e 
behavior 
mqst vers::atile :met.b·od of-
• 
v.a.r.i OllS 
I.' 
f·rame desi·gtrs. Th_e. 
'li·mi t.ation -c~f experiment.al -analy:s.is. J?. tha.t a _physica-1 IDo.del -mu:st: :be 
.const·r.u.cte·:d o:f ·e.a·ch conf'iguratio-n-. A f:ini·te ·e:1e-metit :mod:·el .does -no.t, 
-suf ·f e·r .f.rom tbi.s: 1. ~- ·• t '":. . :1m1 alli_on:. . - .- . . ; 
.... , 
thick'ne·ss .. 
- . . . . . 
. , 
... 
4 
• 
.,' 
.. 
• 
.. 
orientation of the frame can be varied at will at a fairly modest 
cost, before constructing a physical model. / 
The finite element analysis usually includes the use of a 
preprocessor in which the model can be defined interactively and a 
post processor in which the data can be handled in graphical images, 
such as stress contours and deformed geometries and shaded images. In 
. 
. 
the present work, the Model Creation and Enhanced Mesh Generation 
Modules from the SUPERTAB program (Structural Dynamics Research Corp.) 
were used to create the finite element model of the frame. The SUPERB 
program (also from Structural Dynamics Research Corp.) was then used 
to solve the resulting finite element problem. Finally, the results 
were displayed • using the post-processing facilities of the SUPERTAB 
program. 
5 
~ . 
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2.EXPERIMENTAL DETERMINATION OF STRAIN 
2.1 Introduction .... 
In order to verify the prediction of the finite element model, a 
r 
representative bicycle frame was instrumented with strain gages. Ross 
Bicycle was kind enough to supply a hand-built Signature road frame, 
shown in Fig. 2-1. Rodale Press also provided the use of the Trantula, 
• 
a specially designed rig for loading bicycle frames (.Fig. 2-2). 
The frame was fab~i~ated from Columbus SL double butted tubings. 
:The· specif icat.i.o-n: .9.f t:he tubes used are shown in Fi·g. 2-3-1 and 2·~3-i-
·2·. The tubj.·ng ni.at·e.r·-:ta.l was AISI 4130 steel witli Youn.g_.,s modulus:· of 
, .. 
,a·pp:roximately 193,-200. Mpa-•. 
·Two·. ·d·ifferent 1-oadin_g: t:a.sie.s; 'W.ere. considered. In the :first, 
'l d;" 
· ,:oa·: ·1·ng c.:as:_e (.two~di-~·~n:s·io.na1 or :i:~-pl_an-e loading) , the head tube ·an·d:' 
t_he . . . . . 1 n v.ar:1:t> us 
pr·o:p<}r·t. ions· .. . Bec·ause t.he ri,g u.pon which. -the frame -was m.ou·nte;d. co.t1:ld . 
sup:p_ort· out-o.f---,p.1an¢-
F ... . . ·ig_ .. 
. . 
In t:h:e -se:~ond lo.ad:·in:g.. Gase (t-hr·ee...,_.dime.nsiona1 o·t -·ou:t.""."plane 
.. 
th:~ Tr·.ant.-u'.1 a. lo.tl.d,i:n·g r-:ig .. . .. 
·6. 
·, 
... 
\ ... ..> 
• 
-------132.0 
~....._, -100.0 
Figure 2-1 
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In both l~ading cases, the front fork was free to move in the 
horizontal direct~on on a fixture which moves on ball bearings (Fig. 
2-5). This fixture did not constrain the front fork with regard to 
rotation. The rear end was secured on a spindle to which the rear axle 
was fixed, constraining it from translation, but leaving it free to 
rotate as shown in Fig. 2-6. Finally, in the Trantula rig, the frame 
was constrained by a post against which the top tube leaned. This 
I 
/ 
/ 
prevented the whole frame from toppling to the ground. 
The locations of the strain gages are shown in Fig. 2-7 . 
• Longitudinal gages were installed on the front forks, seat tube, down 
tube, head tube, and chain stays. In all cases, the gages were 
oriented along the axis of the tubing with opposing gages mounted on 
the top and bottom of the tubing in each location. In addition, 
rosette gages were installed at several locations on the bottom 
bracket. Each strain gage was connected as an arm in a quarter bridge 
circuit. The gages were connected to a digital strain indicator 
through a strain balancing unit. 
11 
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3.FINITE ELEMENT ANALYSIS 
• 
• 
• 
3.1 The Beam Element Finite Element Model 
Before constructing the more complicated shell model, a 
simplified finite element model was constructed using only beam 
elements. The purpose of the beam model was to verify the loading and 
boundary conditions by comparing the predictions of the model to the 
results of the experiments described in the previous section. 
Compared with the shell model, th€ simpler beam model allows 
much more flexibility, because boundary conditions, loadings, and 
geometric properties can be easily changed. Using the beam model we 
can predict the axial strain in the frame tubing. These predictions 
can be easily compared with the strain gage data. 
Each node on a beam element is assigned six degrees of freedom, 
three translations and three rotations. Tapered beam elements were 
used to model the tapered or butted sections of the tubing. These 
were defined by specifying the cross-sectional properties of each end. 
r 
The use of tapered beam elements reduces the number of elements 
required to model an irregular beam, compared to using elements of 
constant cross-section. Futhermore in modeling curved sections of the 
front fork, curved beam elements were used. Curved beams can be 
defined by specifying their radius. The dimensions and stiffness 
properties of beam elements of each frame section are tabulated in 
Table 1~ The resulting finite element model is shown in Fig. 3-1-1 -
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113 7 4 . .;o 
487. a,:, 
21,:11). 00 
5~B·3. 00 
~20-4.60 
3~96.00 
1~'36. Q1) 
~~04.01) 
5204.00 
1040'3. OC• 
7192. OC• 
7192.00 
l 0-409. 1)0 
10409.1)0 
7,1q.oo 1,031.00 
517-4. 00 1~1)j'}. l)(i 
~174. 01) l~1J3·J. C•O 
01 74. \)) l ~03'3. 01) 
7~, l ~. Qt) I '51)31. 1)(1 
/~, 1 :I. O•J 1 ')03'3. 00 
,174.00 1~031.00 
~ 174. 0•) l ~,)3'L 00 
~ l i' 4 . 00 150 3'L 00 
7~11 '3. 00 1 ~03'3. tJ(' 
!~19.00 l!503'J.OO 
1 l !, 7 4 . E,t) 
11 !:;" 4. E,Q 
11374. 60 
11374.60 
•87. 01) 
2 lOQ. ijO 
2E::33. 00 
2.2l'1'L 20 
2274'l. 20 
2274'3.20 
2.274'1. 20 
973.00 
4201.00 
81 72. t)Q 
181 . 00 3 ~'.>~,6. 00 3 ·59:,,:.,;. (•O 6,332. 00 
181 • 0') 3 3f:>t.6. 00 3 ·3,:..;,;. Qt) 6 :-"' ~32. 00 
1B1.oo 33666.oo 33666.oo 6733~.oo 
181. 00 3361:.f.,. 00 33666. 00 67332. 00 
29.00 
21.00 
49.48 
49.48 
47.00 
24.00 
2•.00 
6413.00 
2€,,). 00 
695. F3 I 
695.81 
648. (11) 
260.00 
69'5. ~1 l 
695. E:1 
27~4.00 2734.00 
398.00 39:3.00 
3':18. Ou 3'30. Cu) 
1297.00 
52ll.OO 
1391. 6 3 
1391.6.3 
~·46~.oo 
129:-"'. 00 
12'37.00 
-----·-----------~----------------
-------------
. -------------------
---------------
---------------
---------------
---------------
--
-· 
Table 1 
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3-1-2. This beam model had a total of 42 nodes and 48 elements, with 
• 
243 total degrees of freedom. • 
In the head tube assembly, no axial moment can be transferred 
between the front fork and the head tube because these parts are free 
·to rotate with respect to each other along their axes; all other 
forces are tra~sferable. To model this, the axial rotation restraint 
at node 40 was released to simulate the head tube bearing. 
3.2 Experimental Verification of the Finite Element Model 
• 
In-Plane Loading 
In this first analysis, the bicycle frame was loaded in its own 
plane. Experimentally, the hub in the lower end of the front fork was 
free to slide horizontally, while the rear end hub location was free 
to rotate. The boundary conditions for the finite element analysis 
were chosen to approximate these conditions. Hence both ends of the 
front fork in the finite element model were free to translate in the x 
direction, but were constrained from translation in they and z 
direction. Similarly the center node of the rear axle was free to 
rotate about all axes, but was constrained from translation in any 
direction. Table 2 • gives the experimental strains and the 
corresponding finite element predictions for two different loading 
cases. The first of ihese consisted of two 176 N forces applied 
vertically downward at the top of the head tube and at the top of the 
seat tube. In second load· case, the load on the seat tube was 
I 
16 
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Strain Gage and Finite Ele1nent Analysis ResLLlts 
2-Di m Lo ad i n g C In P 1 an e Lo ad i n g J ( st r a i n x 1 , c)<) c) , O<) c) ) 
• 
~-- .... ~--~------------.._ __________________________________ ~------.- ..... _______________ ._.. 
Position Measured FEM Measured FEM 
-----------------.----------..-----... ------------,_-----------------~-~------
Front Fork 
Left Top 
. 
Front Fork 
Left Bottom 
Front Fork 
Right Top 
Front Fork 
Right Bottom 
1-~ead TLLbe 
Front 
~~ead Tube 
B - - I, d l.. ,·:. 
DovJn TLtbe 
Upper Top 
Down TLtbe 
Upper Bottom 
Down TLlbe 
Lower Top 
Down TLlbe 
Lawer Bottom 
Chain Stay 
Top 
Chai nb Stay 
Bottom 
G1 
G2 
G3 
G4 
G5 
G6 
G7 
GB 
G9 
Gl (> 
G11 
G12 
-165. 1 -176.5 -284.2 -299.7 
217.9 261. 9 
-177.5 -176.5 -~'")7 1 ,..) .:.. . -299.7 
139.8 1C""":'I' 7 ....,._ ... ,..., 4 - ,..., ...;. ,_,. ~ 261.9 
"C" 7 
- . .:,. ..J • 83.9 -71. 9 177 
-61.6 -1 () 1 • 9 -46. 1 -11.4 
-106. 1 -125.8 1 ,...,~ -, - ~._:, • I -155.8 
1,,"".9' 7 
..;. . .J • 136.6 1 7<). 3 193. 1 
-4(>. 4 -:t' ~ 1 -- 1 ,..., "".9' -:"I' -..... -....:, .. - ..:;, ...:;, . - .::.. .... , . ·-' 
C'~ 8 
,_J...,) • t· 49.7 ,-, 1 " 0 • ·-' 78.7 
7 ,., 
. -
22.8 9.8 8.8 
,., 1 
-4.7 ~r, ~ -:w'.... 1 
-· 
..::. .:. . ·-' ..:,.,,;;. . 
Table 2 
.. 
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Figure 3-1-l 
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Figure 3-1-2 
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'. 
increased to 705 N, while the force on the head tube remained the 
same. 
The analysis predicted the experimental 
'r 
strains usually to 
within 20 percent accura.cy except at the head tube and the chain 
stays. The lack of ·agreement at the head tube is to be expected 
because of the complicated load transfer mechanism in the head tube.In 
the chain stay, the low values of strains observed and computed made 
it unrealistic to expect agreement within 20%. 
Out-of-Plane Loading 
In the Trantula loading rig, the right pedal was fixed in the 
forward horizontal position by attaching the sprocket chain to a fixed 
screw located on the rear axle. The pedal was then loaded by a 
pneumatic piston which applied a force in the y-z plane, at a 5 degree 
angle to the vertical (y-axis). This loading resulted in equivalent 
forces F J.tnd F applied at node 38, as well as equivalent moments, M y Z X 
and M. y 
Different boundary conditions were required for this loading 
case. Two of boundary conditions were modified for this purpose. One 
of the nodes of the top tube was constrained against motion in the z-
direction to model a similar restraint present in the Trantula. 
Futhermore the left end of the front fork was allowed to translate in 
the y-direction, because it was observed that the left front fork was 
20 
,/'-
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• 
moving upwards when the right pedal was loaded. Compared to the two-
dimensional case, the agreement between the analysis and experimental 
~ 
results is not as good. Here the analysis agrees with the experimental 
results to within 30 percent accuracy {Table 3), except at the twQ 
locations where poor agreement was observed in the two-dimensional 
case. The poorer agreement between experiment and analysis in this · 
case, compared to the in-plane loading cas·e, can be attributed to the 
difficulties involved in modeling the more complicated loading imposed 
by the irantula. 
• 
21 
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Strain·Gage and Finite Element Analysis Results C Strain x 1,000,000J 
3-Dim Loading C Out Plona Loading) unit: Newton 
• Right: 1367 N . Right : 820.7 N 
Pedal Pedal 
Gage Measured FEM Measured FEM 
---------------------------------------------------------------
Position 
-1SS.3 Front Fork 
Left Top 
Front Fork 
Left Bottom 
a,. 
' Front Fork 
Right Top 
Fr-ant For:-k 
Right Bottom 
I !1eod Tube 
Front 
Head Tube 
Back 
Down Tube 
Upper Top 
Down Tube 
Upper Bottom 
Down Tube 
Lawer Tap 
Dawn Tube 
Lower Bottom 
Chain Stay 
Top 
Chain Stoy 
Bottom 
G1 -270.2 
G2 292.9 
G3 -11911.1 
G'i 786.2 
GS -227.2 
G6 121.1 
G7 -112.8 
GB 20'-i.9 
G9 100.9 
GlO 108.2 
Gll 65.2 
G12 -30.1 
Table 3 
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-31'1.7 -173.9 
372.7 183.2 277.Lf 
-871. 6 -711.2 -702.9 
680.1 Lf67.8 '168.9 
-210.7 -136.1 -107.1 . 
357.7 80.2 205.5 
-16Lf.1 -71.9 -107.1 
311.1 125.8 205.5 
56 . '-l 63.1 37.3 
15S.8 65.2 108.7 
llfl.3 32.1 53.3 
7.2 -9.8 12.Lf 
, 
" 
• 
3.3 The Shell Element Finite Element Yodel 
As noted in the Introduction, the use qf shell elements yields 
considerably more accurate results than do beam elements. However this 
increase in accuracy comes at the expense of substantially increased 
, 
computational complexity. Witp this in mind, it was decided not to 
model the entire bicycle frame with shell elements, but rather to use 
these elements only in the areas of the bottom bracket, the seat and 
down tube, and the chain stays. The remainder of the frame was modeled 
using standard beam elements and the two different types of elements 
• 
were joined using rigid beams (Fig. 3-2). The final shell/beam hybrid 
model shown in Fig. 3-3 had a total of 1,524 nodes and 555 elements, 
with 9,140 total degrees of freedom. 
Throughout the bicycle frame, lug joints are used to connect the 
tubing at the points where they intersect, in particular at the bottom 
bracket. It is not possible to model these using beam elements. 
However with shell elements, they can be included by giving extra 
thickness to the tube in these regions. 
One of the most complex lug join\s on the bicycle is the bottom 
bracket. Joined together in this bracket are the two chain stay tubes, 
the seat tube, and the down tube. In addition, the bearings which 
transmit the pedal forces to the frame are mounted inside the bottom 
bracket. Figure 3-4 shows the finite element mesh in the area of the 
bottom bracket. 
Besides being geometrically complicated, which made modeling of 
this part difficult, there are substantial problems associated with 
23 
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- ri.gid beam 
Figure 3-2 
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Figure 3-3 
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Figure 3-4 
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modeling the· load transfer mechanism from pedal bearing to bracket. 
Modeling of the bracket loading will be discussed in a subsequent 
section. Given the uncertainties involved in modeling both the 
• 
geometry and the loading of the bottom bracket, the thickness of the 
• 
• 
bracket was increased by a factor of two to avoid possibly unrealistic 
• 
stress concentrations in this area. Despite this, the maximum and 
• • m1n1mum principal strains measured by the rosette gages in the bottom 
bracket area were in quite reasonable agreement with the finite 
element predictions for the two out-of-plane loading cases (Table 4). 
When the loadings and boundary conditions· discussed in the 
previous section were applied to the shell model, essentially the same 
strain values as predicted by the beam model case were obtained at the 
location of the strain gages. However the shell model is capable of 
predicting much more complex variations in stress and strain than is 
the beam model, and in particular is capable of modeling the stresses 
in the bottom bracket area, which the beam model is not. 
27 
• 
Strains of Bottom Bracket (Strain x 1,000,000) 
Max : Maximum principal strain 
Min : Minimum principal strain 
1367 Non Right Pedal 820.7 Non Right Pedal 
_G_ag __ e _____ m_e_as_u_r_e_d _____ F_E_M ____ me_a_s_u_r_e_d ______ F_E_M_ • 
13 Max: 23.3 26.9 12.9 
-52.8 
150.0 
-135.9 
18.1 
-77.6 
158.2 
-150.3 
14 
Min: -85.9 -103.5 
Max: 257.8 310.6 
Min: -225.7 -258.8 
Table 4: Bottom bracket principal strains and finite element 
prediction 
3.4 Modeling of Pedal .Loading 
The mechanism by which pedal loadings are transmitted to the 
· bicycle frame are fairly complicated. A major part of the load is 
transmitted through the bottom bracket bearings into the bottom 
bracket and hence into the frame. In addition, some frame loading 
occurs as a result of forces in the sprocket chain. In this section we 
present an analysis of these loads. 
Referring to Figs. 3-5, 3-6, 3-7, and 3-8, we define the 
following variables : 
r = coordinate axis directed radially inward from pedal to 
28 
We 
,. 
' 
center of the crank 
t = coordinate axis directed tangentially from pedal in the 
direction of pedal motion 
, 
n = coordinate axis directed from pedal normal to plane of 
• 
• 
• 
frame, pointing away from frame . 
I 
C = radius of pedal crank ( 170 mm) 
N -
- offset 
mm) 
of pedal center point from plane of the frame {105 
g - Radius of chain wheel gear ( 105.11 mm for 52-tooth 
gear and f/2 inch chain pitch) 
P = magnitude of pedal force vector on the right pedal, resolved 
into the (r,t,n) references frame rotating with pedal 
0 (t) instantaneous angular position of the right crank arm 
with respect to horizontal axis. Positive direction 
is shown on Fig. 3-5. 
Q - magnitude of force on left pedal 
T - Reaction force at pedal crank gear 
T component of T • x-direction - lil -
X 
\ 
T = component of Tin y-direction y ,, 
= angle of chain with respect to the horizontal • (Fig. 3-axis 
6) 
resolve p into the global ( x,y,z) coordinates shown • Fig. now lil 
3-5. For a force P applied to the right pedal, 
29 
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Right Side or View or Pedal Forces 
\ Figure 3-5 
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X 
COSS 
Px 
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~ Figure 3-7 
32 
,, 
I..!.. 
' 
• 
• 
Qz 
C SlN8 • 
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Rear View or Pedal Moment 
Figure 3-8 
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• 
or 
P =P cos8 + Ptsin8 
X r 
P =P sin8 - Ptcos8 Y r 
p =P 
z n 
P =P cos8 + P sin8 
r X y 
p =P 
n z 
, 
Similarly, for a force Q applied to left pedal, 
Q =-Q cos8 Qtsin8 
X r 
or 
Q =-Q sin8 + Qtcos8 y r 
Q =-Q cos8 - Q sin8 
r X y 
(3 .1) 
(3.2) 
(3.3) 
(3.4) 
Equilibrium of the pedal crank (Fig. 3-6,3-7,3-8) requires that: 
EF = O: R + P + Q + T = O 
X X X X X 
EF = O: R + P + Q - T = O y y y y y 
(3. 5) 
EF = 0: R + P + Q = 0 
z z z z 
EM= 0: M + N (P - Q) + C sin8 (Q -P) - LT= 0 
X X y y Z Z y 
34 
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LMY= 0 : My+ N (Qx - Px) 
EMz= 0: Tg =(Pt+ Qt)C 
+ C cos8 (P -Q) - LT= O 
. Z Z X 
The forces T, T are related to the chain angle Was follows y X 
T - Tcos'lf 
X 
. 
T = Tsin'lf y 
• (3. 6) 
The T .component can be ignored because it is small compared with the 
z 
other components. 
Thus the forces F F F exerted by the crank on the bottom X. 1 V' Z 
• 
bracket are : 
F - -R = P + Q + (Pt+ Qt)(C/g)cosW 
X X X X 
F - -R = P + Q y y y y 
F - -R = P + Q 
z z z z 
The moments M, M exerted on the bottom bracket become 
X y 
M = 
X 
M = y 
N (Py - Qy) 
N (Qx - Px) 
+ C sinB (Q -P) - LT z z y 
+ C cosB (P -Q) - LT Z Z X 
(3.7) 
(3. 8) 
The chain angle Wunder typical riding condition was calculated 
to be 3.11 degrees. When placed in the Trantula loading frame, this 
• 
angle was slightly greater (5.79 degrees) (Fig. 3-9). 
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REAR WHEEL 
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....... -------1-CSC . OROP2,. 
F'RONT WHEEL 
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GEAR GEOMETRY AND CHAIN 
Figure 3-9 
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3.5 Pedal Force and Moments Transferred to Frame under Actual Riding 
Conditions 
Though the forces exerted on the pedal depend on the individual 
rider, it is possible to obtain the average pedal forces exerted by an 
• 
"average rider" over a cycle of pedaling. In 1977 Faria & Cavanagh, 
[5], did experiments to determine the pedal forces applied during a 
cycle by measuring the magnitude and direction of the force applied to-
the right pedal by five racing cyclists working at abou~ 60 percent of 
their • maximum capacity and turning the pedal crank at. 90 r.p.m. The 
pattern of force application is shown pictorially in Fig. 3-10. The 
data resulting from this experiment, given in terms of pedal force 
components for every 30 degree of rotation, is given in Table 5. 
If we assume that the variation of angle of tilt of the cycle 
is sinusoidal "side to side" leaning with frequency A as shown Fig. 3-
11, then the instantaneous lean angle of the bike is 
LEAN= LMAX sinXt (3.9) 
Because the maximum lean occurs when the pedal angle 8 is equal 
• 
to ,J0° and the lean angle is approximately zero when·B = 0° and 180°, 
we will assume that At= 8. 
The pedal forces Pz and Qz depend on the lean angle 
Pz - -Pytan(LEAN) 
Q = -Q tan(LEAN) 
z y 
(3.10) 
Given the pedal force data from Table 5, these data may be 
converted into statically equivalent forces at the bottom bracket 
37 
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• 
using the simple analysis given in the previous section
. Table 6 shows 
the resulting statically equivalent forces applied to
 the center of 
the bottom bracket. This completes the loading analys
is for the beam 
finite element model. Ho~ever in the case of the she
ll model, it is 
• 
• 
desirable to try to model more accurately the transmiss
ion of the load 
' 
• 
from the pedals through the pedal bearings into the bott
om bracket. 
The forces and moments 
• given in Table 6 can be converted to 
. 
equivalent bearing reaction forces (Fig. 3-12 and Table 7)). The 
components of the right bearing reaction force Fxl'Fyl become 
• 
Fxl = (My - FxL)/2L 
Fyl = (-FYL - Mx)/21 (3.11) 
while the components of the left bearing reaction forc
e Fx2 , Fy2 are 
Fx2 = (-FxL + My)/21 
Fy2 = (MX - FYL)/21 (3.12) 
With these vector components (Fxl'Fyl ), (Fx2 ,Fy2), we can calculate 
the direction and resultant of the right and left 
bearing reaction 
forces, F1 and F2 . 
The F component of the bearing force is assumed to 
be equally 
z 
distributed among the nodes which constitute the
 bottom bracket 
bearing housing and are applied as nodal force vectors
 parallel to the 
z axis. The F1 and F2 forces, wh
ich lie in the x-y plane, are assumed 
; 
38 
to be distributed over the bottom bracket with a cosine distribution 
so that 
f(8) = f cos8 
0 
• 
Such a distribution, while not exact, is felt to model to a reasonable 
• • 
degree the actual dist~ibution of forces within the bearing. 
Then 
Fi= f7 ~,2 f(O)cos0rd0 
='1rf /2 
0 
(i=l,2) 
Thus the amplitude of the distributed load f is given by 
0 
f = 2F./~r, i=l,2 
0 1 
and the value of bearing reaction pressure at the angle of 8 is 
f(B) = 2F.cos8/('1r) 
1 
(3 .13) 
(3 .14) 
(3 .15) 
As may be seen in Fig. 3-13, the bearing reaction forces calculated 
from equation (3.15) were applied along the inner boundaries of the 
bottom bracket at the approximate location of the pedal bearing. 
Because the pedal loadings do not represent a self-equilibrating 
set of forces, it • 1s necessary to apply reaction forces at other 
locations in the frame to maintain equilibrium. In the present case, 
the necessary reaction forces were obtained by restricting node 23 
(see Fig. 3-1-1) from translation in the z-direction, nodes 35 and 36 
at the end of the front forks from translation in they and z 
direc(ions and rotation in they direction, and node 37 in the rear 
axle from all translations. 
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DIRECTION OF' 
CRANK ROT 1' TI ON 
0 • • • IIO •• ..-, ••• M r,o ,ao nD /\NGLE OF' PEDAL 
he Magnitude and Direction 
or the rorce applied to the 
right pedal 
Figure 3-10 
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. Pedal Forces & t1oments Transfered to Bike Frame 
Position of 
Right Crank 
THETA 
[degressJ 
measured CCW 
from -X axis 
0 
30 
60 
90 
120 
150 
180 
210 
2lf0 
270 
300 
330 
. Input Forces ClbfJ Applied to _Pedals CForce Components with respect to Fixed Global Axes) 
. 
------------------------------- .... --~----------------------Right Pedal Left Pedal 
------------------------------------------------------Px Py Pz Glx (Jy (Jz 
------
__ ...., __ _ 
------
-1.fY:.YB -228.88 0.00 52.72 -3Lf.2lf 0.00 
-19.00 -2lfl.S2 31'.80 28 .12 -21.S6 2. B'f 32.56 -19lf.lflf Lflf.86 0.00 0.00 0.00 73.l.!8 -161.20 Lf3.19 -8.92 -21.0Y: 5.6Y: 76.61.f -75.32 17.38 -26.72 -75.lfO 17.39 68 .12 -Y:6.92 6.18 -lf0.2lf -150.16 19.77 
S2.72 -3Lf.2lf 0.00 -'-l'i.'fB -228.88 0.00 28 .12 -21. 56 -2.8'-i -19.00 -2lfl.S2 -31 I 80 0.00 0.00 0.00 32.56 -19'-±.lflf -lflf.00 
-8.92 -21 . O'-i -5.6'-i 73.'-iB -161.20 -Y:3.19 
-26.72 -75.lfO -17.39 76.6'-! -75.32 -17.38 
-lf0.2lf -150.16 -19.77 68.28 -Y:6.92 -6 .18 
• 
-----------------------------------------------------------------------
Table 5 
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[ natClr\t:aneov• 
Lean Angle 
or BI ke 
LecnltJ 
0 
+LMAX 
0 
-LMAX 
y 
z 
i 
I ( 
y 
• 
• ~ CRANK ANGLE 
a t 
' 
0 
I p 
LEAN~ 
I' I I I 
I 
90 
a 
('""•· 
,so 
y 
a 
270 
l 
I 
I 
I 
I 
-LEAN~ 
I 
Voriotion or Leon Angle 
Figure 3-11 
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.. 
Statically Equivalent Farces CNewtanJ & Moments CN-mmJ 
- Applied to Nodes of Beam Model 
,,-
• 
• 
Position of 
Right Crank 
THETA 
(degressJ 
measured CCW 
from -X axis 
------------------------------------------------------
Center of Bottom Brack~t 
. 
-------------------------------------------------------
Fx Fy Fz Mx M~ 
------------
------ ------
------ ------
------
0 1761 -993 a -82912 -32211 
30 1519 -1018 15'-f -106825 -2SS88 
• 
( 
60 1256 -750 199 -115038 -lf8256 
90 1017 -735 217 -90Lf77 -713\.fl 
120 1015 -588 15'-f 3729 -83976 
150 1397 -71i5 115 59261 -99069 
180 1761 -992 0 98906 -123007 
210 1519 -1018 -1Sli 120SY:2 -107S33 
2lf0 1256 -7SO -199 1253lf3 -51760 
270 1017 -735 -217 972Lf8 S630 
300 1015 -588 -15'-f 3630 12561 
330 ) . 1397 -7lf5 -115 -Lf71i56 -15501 
------------------------------------------------------------------------
Cl] Crank Radius CC] 
[2] Front Gear Radius (FGTJ 
[3] Front Gear Radius (GJ 
[~J Pedal Side-Offset (NJ 
[SJ Maximum Lean Angle (LMAXJ 
[6] Sprocket Offset CLJ 
[7] Force Multiplier 
[8] Rear Gear Teeth CRGTJ 
[SJ Freewheel Radius CFWJ 
ClOJ Chain Stay Length CCSLJ 
[13J Chain Angle CPHIJ 
Table 
- 170 CmmJ far standard crankarm 
' 
- ~2 teeth on front sprocket 
- 52 for Tarantula Test setup 
- Blf . 89 ( mm J 
- 105.00 CmmJ 
- 15.00 (degJ 
- '-iS .00 CmmJ 
- '-i.00 Multiplier factor for 
increasing all applied pedal force 
- 32 tooth an rear sprocket 
- 0 for Tarantula Test setup 
- 6Y: • 68 C mm J 
- '-!20 CmmJ 
- -5.88 CdegJ , assuming DRDP-63 mm 
6 
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BEARING REACTION FORCES 
Figure 3-12 
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Bearing Reaction Forces (Newton) 
-Applied to Bottom Brocket Bearing Housing as Normal Pressure 
in Shell Model ' 
Position of 
Right Crank 
THETA 
(degress) 
measured CCW 
from -X axis 
0 
JO 
60 
so 
120 
150 
180 
210 
2'-iO 
270 
300 
· 330 
Fxl 
13Lf0.9 
1125.S 
1317.5 
1527.8 
1707.5 
211Lf.2 
2638.0 
2296.1 
13~7.6 
t.t28.3 
328.3 
920.lf 
Right Pedal 
-1680.9 
-203S.1 
-2018.7 
-1660.2 
-2'-i 1 . 2 
Lf73.8 
916.5 
1213.1 
llflS.lf 
1021.5 
-2Y:2.5 
-1050.8 
Left Pedal 
Fz Fx2 
0.0 'i20.S 688.1 
1Sli.1 39'-i.3 1017.2 
199.0 -61.3 1258.2 
217.0 -510.5 32'-i.8 
lSlf.O -691.3 -3Lf7.S 
115.0 -716.lf -1219.3 
0.0 -876.6 -1909.J 
-1511.0 -776.lf -2230.9 
-199.0 -111.Y -2165.9 
-217.0 589.9 1757.0 
-151.f.0 687.3 -3't6.3 
-11S.O Lf77.Lf 305.2 
~ 
---------------------------------------~--------------------------------
Table 7 
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Figure 3-13 
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3.6 Stress Variation during One Cycle of Pedaling 
Using the loading analysis outlined in the previous section 
along with the measured pedal loads given in Table 5, the shell finite 
element model was used to analyze the stress in the bicycle frame at 
I 
every 30 degrees of pedal rotation for a complete pedal cycle. Not 
surprisingly, it was found that the stresses were strongly dependent 
upon the pedal angle. The largest principal stress, as well as the 
largest change in principal stress, in all the frames considered 
(steel, aluminum, titanium) occurred at the upper area of the down 
I 
tube. Fig. 3-14, 3-15, and 3-16 show the stress changes in this area 
with pedal 
frames, the 
angle for the 
maximum value 
three 
of the 
fr~es considered. For all three 
principal stress at this location 
occurred at a pedal angle of 8 = 30°. These data will play an 
important role in the fatigue analysis presented in the next section. 
The graphic series in Figs. A2 - A13 visually documents the ebb 
and flow of the maximum principal stress on the surfaces of the lower 
main triangle of the steel frame. The areas shown in white on the 
. frame represent the regions of the highest stress. Figure Al gives the 
stress range for each color. Fig. A-14 shows the direction of the 
maximum principal stress on the steel frame for a pedal angle of 8 = 
30°. We notice that the stresses on the seat tube are approximately 
aligned with the tube, which indicates a combination of bending and 
axial load. However those on the down tube are directed at an angle to 
the tube's axis, indicating a substantial degree of torsional loading. 
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ANGLE Of 
PEDAL 
., 
Fig. A-3 shows the magnitude of the maximum principal stress in 
the steel frame for 8 = 30 °. Besides the high stress area in the 
. . 
upper area of the down tube, there exists another area of elevated 
stress in the bottom 6 inches of the seat tube. This region of the 
• 
seat tube is the location at which mounts are sometimes brazed for the 
• 
front derailleur. A number of frame failures have been reported in 
this area. We could have predicted those failures with our finite 
element model, which clearly shows too high a stress level in that 
area to allow anything other thah, the ~est.careful brazing . 
.. 
·• 
' 
) 
4. FATIGUE ANALYSIS 
.. 
• 
• 
4.1 Bicycle Fatigue Analysis 
A typical bicycle frame can be expected to las~ 25,000 miles, 
::~quJ.valent to about 10 million pedal rotations. As we have seen in the 
:previous section, the stresses in the frame vary substantially over 
one pedal cycle. This cyclic variation of stress, when repeated over 
many cycles,. leads to the· possibility· of frame failure by cyc:lic· 
fatigue:. In· this section ·we pre.sent a si~p1e f atigu.e an.aly:sis :using 
·the. :stress data pres~nted ·i:p the previous section. r·o d.q this, we make 
use. ,of the well-known S~N~diagram in fatigue analysis which plots the 
number of cycl.e.s. ·to. failure (N) under reversed cyclic load.i.n·g· :_at. :a.. 
stress amplitude a~ 
The S~N: cu:rve·s, ft>r ste.els show· ·f.alling 'petm1:s.sib.le: :stre·ss·es as 
-the, .. n.umbe-r l·o~ding cycle· • 1nc:reas·es, ·btit· ·e:v·e.rtt·ually th·e curves 
ap·J,.ea.r ·to f la.t·te·n out. When th.e·y d·o, the: s:t.r~:'.$.·S .r~~_G,heq is called the 
f·atigµ·e 1.im-it o·r ~he endurance: limit-.. Tbi:s· ai"Efans that if t.he designer 
e:t1surfZts t.b.a:t .. t·h.e ·$tr:¢s.~es J:n· a compon.ent n·eve.t r.i.se· ab.ove· ·that limi t:1 
:i.ts:· lif:e w-ill b:e :t_heotet1ca11y inf_in.it·e .no· ~at:ter h:ow -man-y stre·st;_ 
r·evers·als. it is sti.b.j:ect:_ed.. t.o.. :Non.fe.rou·s m.etals:,- like a·lum.inum ,and 
d'o n·.c,t: s:how an· e.n·.du-rance li'mit. Th.e in.b:·t.e; s:tr,_e:ss:: r·e-,v-e1rs:al.s. 
. . - . ~ . . ·. ·. . ... 
There- are· two: principal d-ifficulties invol.v:ed in cotidtictiing 
iittir ana1ysi!:j 
''-· ~-
.01· structures ·u:nde·r complex, al te.rn~·ting ,s~re~s·e~. 
.52. 
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One of these is to take into account the effect of the multi-axial 
stress field, and the other is to estimate the influence of nonzero 
mean stresses. For relatively ductile materials, it is usually 
· recommended, [6], that the Von Mises effective stress a be used in 
place of the uniaxial stress in the. fatigue failure criteria. Because 
of its thin-walled construction, bicycle tubing is approximately in a 
state of plane stress. Let a1, and a2 be the two in-plane principal 
stresses. Then the von Mises stress is given by 
(4.1) 
The effect of non-zero mean stress may be estimated by means of 
one of a number of methods. The most straightforward is the use of 
constant fatigue lifetime diagrams, which are based upon experimental 
data. These give the fatigue lifetime, in terms ·of numbers of cycles 
to failure for • various combinations of mean stress and stress 
amplitude. Such diagrams are available, [7], for 6061-T6 aluminum and 
Ti-6Al-4Y titanium, the two alloys of which the aluminum and titanium 
• 
frames were assumed to be constructed. 
For the steel frame, which was assumed to be constructed from 
AISI 41~0 steel, no such diagram appears to be available. Accordingly 
we will use the modified Goodman analysis set forth in the book by 
Collins, [6]. This analysis leads to the range-of-stress diagram shown 
J 
in Fig. 4-1, based upon a lifetime of N=10
6 cycles, and a fatigue 
limit of aN = 224 Mpa [8]. Other values required by the diagram are 
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the yield stress u and the ultimate tensile stress u under uniaxial y u 
tension. From [8] ' these are a = yp 738 Mpa and a= 834 Mpa. For a u 
uniaxial stress state, the maximum stress is given by a = a + a , max m a 
where u is the mean stress and u is the alternating stress, and the 
m a 
mrn1mum • • stress by a . = a - a . Combinations of a and a lying on min l m a m a 
the condition on the range-of-life diagram will lead to failure after 
approximately 106 cycles. Values of a and a lying outside the m a . 
contour will result in failure prior to 106 cycles, while for values 
interior to the coDtour, the fatigue life is theoretically infinite. 
Using this diagram, it is then possible to formulate a set of 
four failure criteria, [6], for each of the four regions a,b,c, and d 
indicated on the diagram. 
Hence failure is predicted to occut in N cycles or less when 
operating in region a if 
o - 2a ~ o 
max m yp 
(4.2) 
Similarly, for regions b,c, and d, respectively 
(4_. 3) > . a - am. _ aN 
max 
a -(1-r)a ~ aN 
(4 .4) 
max m • 
where r - a /o · - N yp 
a > 0 
(4. 5) 
-max yp 
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For multiaxial stresses, the value~ in equations (4.2 - 4.5) are 
replaced with the corresponding Von Mises effective stress. 
The largest maximum principal stress and the smallest maximum 
Principal stress (o o ) are found from the finite element lmax' lmin 
analysis to octur at respective pedal angles of 30 and 270 degrees 
• 
(Fig. 3-14) in the upper portion of the down tube. These values are 
Then 
olmax = 159 Mpa, olmin = 10.2 Mpa 
0 lmean - 1/2(<11 max 
= 84.6 Mpa 
- (] ) lmin 
• 
.. 
This value lies in region c of the modified Goodman diagram in Fig 4-
1 . The values of (] 2max' 02 . min are the minimum principal
 stresses 
corresponding to o1 , o1 .. Those are from Pig. 3-14, max min 
0 2max = -23.3 Mpa, o2 . = -31.6 Mpa, and thus
 o2 = -29.5 Mpa min meam 
- 2 2 1/2 
0 max = (almax + 0 2max - 0 Imax0 2max) 
Therefore 
-
a - 174.3 Mpa 
max 
Furthermore 
and 
-
a . - 37.7 Mpa 
min 
-
a - 102.6 Mpa 
mean 
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Now in region c, from equation (4.4), failure will occur in 106 cycles 
.. 
if 
This 
-
a = aN + a (1-aN/au) max mean 
value 
• 
= 224.1 + 102.6(1-224.1/834) 
= 299 .1 Mpa 
• 1s greater 
' ,, 
than the calculated value of a , which is 
max 
174.3 Mpa. In order to calculate the factor of safety, we assume that 
all stresses are multiplied by a factor a, C 
'.1hen we have 
a (174.3) - a (102.6) (1-224.1/834) = 224.1 
C C 
The factor of safety for fatigue failure is then a= 2.3 C 
We now briefly outline the fatigue analyses for the aluminum and 
titanium frames, which, as noted, are based upon constant fatigue 
lifetime diagrams. 
Aluminum Frame 
From Figure 3-16 
a1 = 110 Mpa, u2 = 47 Mpa, and then m~ m~ · 
-
a - 95.6 Mpa = 13.9 Ksi 
max 
Likewise, 
ulmin= -22 Mpa, u2min= -60 Mpa, which gives 
.. 
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-a. = 52.6 Mpa = 7.65 Ksi, Also 
min 
a1 = 44 Mpa, a2 = -6.5 Mpa, and· a = 47.6 Mpa J 6.90 Ksi mean mean mean 
Therefore 
-a= 95.6 - 47.6 
a 
= 48.0 Mpa = 7.0 Ksi 
• 
• 
-A= a / q = 48.0/47.6 = 1.01 
a mean 
From, Fig. C-11 of refer.ence [7], assuming a constant value of the 
ratio A, fatigue failure will occur in 10 6 cycles for a value of 
-
o = 14.0 Ksi. Hence 
a 
the factor of safety for fatigue failure for the aluminum frame is 
,., 
a= 14/7 = 2.0 
Titanium Frame 
From Figure 3-15 
a1 = 105 Mpa, a2 = -8.7 Mpa, and then max max 
-
a - 109.6 Mpa = 15.9 Ksi 
max 
Likewise, 
almin= 8.3 Mpa, a2min= -12.1 Mpa, which gives 
-a. - 17.8 Mpa - 2.6 Ksi, Also 
min 
-
o1 = 56.7 Mpa, o2 = -10.4 Mpa, and o - 62.6 Mpa = 9.1 .Ksi mean mean mean 
Therefore 
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-a= 109.6 - 62.6 = 47.0 Mpa = 6.8 Ksi 
a 
- -A= a / a = 47.0/62.6 = 0.75 
a mean 
From Figure C-13 of reference (7], assuming a const~nt value of A, 
fatigue failure will occur 
Ksi. Hence 
in 10 6 cycles for a value of a = 47.0 
a 
the factor of safety for fatigue failure for.the titanium frame is 
a - 40/6.8 = 5.9 ' \ 
\ 
4.2 Comparison 
As noted previously because it is difficult to change outer 
tubing diameters on our model, we decided to use to standard steel 
tubing • sizes for comparison. With this in mind, we chose a 2-mm wall 
thickness for the aluminum model to • • a very popular frame m1m1c 
currently on the market, and choose a 1.016 mm wall for the titanium 
model, which • lS also a popular wall thickness. The steel frame 
dimensions were based on those for the custom Ross frame . 
As noted, the fatigue calculations were based upon 10 million 
pedal cycles, which we calculated to equal about 25,000 miles of 
riding. These numbers provide a reasonable basis for comparison, since 
we would expect a good steel frame to last through that amount of use. 
It is interesting to note that the fatigue factors of safety for 
the steel and aluminum frames are approximately equal, both being in 
the neighborhood of 2.0. This value seems to be about what prudent 
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design practice would dictate. Bicycle manufacturers and frame 
• 
builders have a substantial amount of experiences with steel frames 
• 
and, to a lesser extent, with aluminum frames. It thus may be 
I 
inferred, at least with regard to fatigue ia11.ure life, that existing 
steel and aluminum frames, are reasonably well designed . 
• 
The titanium frame, however, appears to be substantially 
overdesigned, at least with regard to fatigue lifetime. This may 
result from the fact that titanium frames tend to be somewhat more 
expensive. and difficult to fabricate than either steel and aluminum 
frame., a.n·.d ·he_nc~-: have not been produced in any gr.eat quantity. Thus· 
the:re· e·xis.ts substantially less experienc.e with these frames. In· aQ_Y 
·c:_as.~J ·t:h:~· re:s·ults have indicated tha.t it should be possible to pro:·du:c:e 
a ti.tani1fm f -rame w:hi . ch. • 15 
.• 
... 
.. 
consid'e:rably light·er t:h:an that ana1y.z:_e_d 
n 
-~~ 
·5·0· . . . 
.. 
• 
5. CONCLUSIONS 
It has been established that the stresses in bicycle frames 
under load can be determined by an equivalent finite element model of 
the frame. If an accurate model can be constructed, the actual strains 
. 
in· the frame can be to within 20%-30% accuracy. This method of 
a~alysis provides a powerful tool for the future design of bicycle 
' 
frames. Since dimensions of frame and tubing can be varied before 
manufacturing, it should allow the construction of lighter, more 
efficient frames. 
For the head-tube assembly and the bottom bracket section, more 
detailed finite element model is likely to lead to improved results in 
these areas. Also the pattern of variation of the pedal force cannot 
always be assumed to be sinusoidal, but changes with riding condition. 
As mentioned in the previous sections, the titanium frame model 
we analyzed here was obviously overdesigned. It should be possible to 
construct a titanium road frame with a 1/4-inch diameter~tube main 
triangle and 0.032-inch wall which would weigh about 2 1/4 pounds 
without fork. There are, however, several problems associated with 
working in titanium such as weldability, notch sensitivity, and cost. 
Despite these obstacles, titanium has advantages of not requiring heat 
treating and cast fittings, as is the case with steel and aluminum 
frames. 
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Figure A- 2 
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